Our understanding of how membrane trafficking pathways function to direct morphogenetic movements and the planar polarization of developing tissues is a new and emerging field. While a central focus of developmental biology has been on how protein asymmetries and cytoskeletal force generation direct cell shaping, the role of membrane trafficking in these processes has been less clear. Here, we review recent advances in Drosophila and vertebrate systems in our understanding of how trafficking events are coordinated with planar cytoskeletal function to drive lasting changes in cell and tissue topologies. We additionally explore the function of trafficking pathways in guiding the complex interactions that initiate and maintain core PCP (planar cell polarity) asymmetries and drive the generation of systematically oriented cellular projections during development. 
| INTRODUCTION
Vesicle-directed membrane trafficking is an efficient mechanism for the delivery of discrete packets of membrane lipids, protein and lumenal components to different regions of the cell. Both exocytic and endocytic mechanisms contribute to the generation of polarized axes of information and membrane domains of specialized functions.
It has long been appreciated that apical-basal polarity enforces directional membrane trafficking in epithelial cells, and that, in turn, polarized trafficking has an essential role in the establishment of apical-basal polarity. [1] [2] [3] However, a new emerging role for trafficking pathways is their effects on processes of planar polarity and development. Planar polarity is a system(s) of information that provides orientations within the plane of an epithelium or tissue. This can lead to the common orientation of projecting hairs, cilia and bristles, as well as guide developmental processes that lead to rearrangements of tissue dimensions and cell topologies. In this review, we will discuss several important planar polarized processes with a focus on the recent Drosophila and vertebrate literature in which membrane trafficking events contribute to the generation of planar polarized protein distributions and asymmetric force generation. We apologize in advance to all colleagues whose relevant work was not cited here because of space limitations and decisions on manuscript organization.
| Basics of planar polarity
Planar polarity pathways direct asymmetric enrichments of protein populations at cell boundaries with certain systematic orientations.
These protein populations can then interact in agonistic or antagonistic interactions to promote further planar polarization of cells and boundary elements. Once established, systems of planar polarity direct morphogenetic events that lead to the creation of oriented structures. In adult organisms, examples of these final outcomes of planar polarity are the common projections of hairs in the mammalian skin or bristles in the adult fly epidermis and wing. 4, 5 However, planar polarized processes also actively guide major developmental events. 6 Gastrulation in both vertebrates and invertebrates is dependent on planar polarity, and organ systems such as the patterning of the inner ear or elongation of the gut primordia are similarly dependent. 4 Different morphogenetic events during animal development do not necessarily reutilize identical planar polarized proteins and pathways. Instead, several different systems of planar polarity exist. The first discovered system of planar polarity is the classic planar cell polarity (PCP) pathway, which is centered around core planar distributions of Frizzled (Fz), Disheveled (Dsh), Diego (Dgo), Prickle (Pk), Flamingo (Fmi) and Van Gogh (Vang). [7] [8] [9] [10] The PCP pathway has additional contributions from the Fat-Dachsous (Ft-Ds) module of protocadherin signaling. However, the PCP pathway is not the only planar cell pathway. Other systems of planar polarity are less consistent in their composition, but often involve actomyosin contractile components as well as Par proteins that were first discovered as partitioning mutants in Caenorhabditis elegans such as Par-3/Bazooka and their binding partners atypical protein kinase C (aPKC) and Par-6.
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| Planar polarity and membrane trafficking
Planar polarity directs the development of a diverse array of tissues, but how membrane trafficking pathways guide planar polarized processes has been less clear. In general, the effects of membrane trafficking on planar polarized processes can largely be broken down into 2 categories: (1) trafficking events that direct cell topology altering and/or force-generating mechanisms that directly guide rearrangements of tissues and their dimensions and (2) trafficking events that direct the generation of informational asymmetric domains of formal planar polarity patterning protein (largely PCP proteins). We will discuss each of these in separate sections, although these 2 categories of interactions can influence each other. Figure 1A ).
| DEVELOPMENT, PLANAR FORCE GENERATION AND MORPHOGENESIS

| Cell intercalation in Drosophila
In Drosophila, the embryonic de novo generation of a cellular epithelial sheet is rapidly followed by a dramatic reorganization and elongation of the new epithelium along the AP axis. 11, 19 A conserved convergent extension program operates through oriented cell intercalation, which causes the tissue to narrow in one dimension (along the dorsal-ventral
[DV] axis) and lengthen in a perpendicular AP dimension. [20] [21] [22] [23] [24] In 45 minutes of development, and largely in the absence of cell division, the Drosophila embryonic epithelium will more than double in length.
The underlying mechanism that directs cell intercalation is the change in the topological relationships between cells. The oriented contraction of T1 interfaces (adhesive cell surfaces between AP neighboring cells) is followed by the growth of T3 interfaces (surfaces between DV neighboring cells) and leads to tissue narrowing and extension ( Figure 1A ). This cellular reshaping requires the function of apical and junctional proteins. [25] [26] [27] Contractile Myosin II proteins are found in several different populations in the early embryonic epithelium-one population is present in the apical/medial cap of intercalating cells where it mediates oscillations in cell area, 28,29 while another population is present at AP interfaces ( Figure 1B,C) . 26, 27 Conversely, by mid-GBE, the adherens junction proteins E-cadherin and Armadillo/ß-catenin are concentrated in interfaces located between dorsal and ventral neighbors (DV interfaces). This combination of tension-producing actomyosin networks and cadherin-dependent adhesion complexes are believed to be the key determinants directing early morphogenesis in the Drosophila embryo. 11, [30] [31] [32] Given these planar polarized protein distributions, one outstanding question in the field has been if membrane trafficking events are planar polarized and contribute to these morphogenetic processes. As E-cadherin is a transmembrane protein and is the major adhesive protein in the Drosophila embryo at these stages, a reasonable hypothesis would be of CME also produced elongated Rab35 tubules that failed to terminate, demonstrating that Rab35 compartments are used as efficiency platforms that permit the enhanced uptake of plasma membrane. Finally, Rab5 endosomes were shown to associate with Rab35 compartments, and appeared to grow in size and assist in the termination process of Rab35 compartments. It is interesting to note that prior work in Drosophila has shown that E-cadherin traffics through early (Rab5) and recycling (Rab11) endosomes and requires exocyst complex function. Further, the activity of these endosomal structures has been shown to be essential to morphogenesis. [38] [39] [40] These results would be consistent with trafficking networks driving essential changes in E-cadherin mediated cell adhesion that direct cell intercalation.
The above results also address a larger issue in that changes in cell shape in many systems are driven by pulsatile processes that initiate directed movement before cycling through periods in which the force-generating network reforms. [41] [42] [43] [44] This pulsed behavior requires a consolidation, or ratcheting mechanism, that prevents the reversal However, our understanding of how this coordination of mechanisms happens is still in its beginning stages.
| POLARIZED TRAFFICKING EVENTS THAT DIRECT VERTEBRATE GASTRULATION
The bending of epithelial sheets is a common morphogenetic process that drives tissue invaginations in a diverse array of species. [45] [46] [47] [48] While not typically planar polarized, these events represent a similar remodeling of specific cell surfaces, and also show a similar combination of cytoskeletal and membrane trafficking events that lead to changes in cell shape. Such epithelial bending, or furrow formation, is primarily initiated through the contraction of apical cell areas of specific cell populations. For instance, amphibian bottle cell formation and avian neural tube formation exhibit the constriction of cell apices in defined regions of the epithelium. 47, [49] [50] [51] This cell shape change, termed apical constriction, is defined by the contraction of the apical surface of epithelial cells. This results in a fundamental change in cell geometry and drives the generation of wedge or pyramidal shaped cells. The mechanical processes that drive apical constriction appear to be a core set of F-actin, Myosin II, and adhesion proteins, which generate and transmit forces across the tissue to promote cell shape change. Different tissues regulate contractility and adhesion function in unique ways, but endocytic-driven membrane remodeling has been increasingly shown to be essential in the regulation of actomyosin networks, cell adhesion and cell shape.
The function of endocytic mechanisms during invagination of
Xenopus laevis bottle cells has been examined by following the uptake of biotinylated plasma membrane. Biotinylated membrane accumulated in internal puncta specifically in apical constricting cells, and these structures were also shown to be positive for early embryonic antigen 1 (EEA1) and Rab5, demonstrating that plasma membrane was transiting to endosomal compartments. 52 Additionally, embryos expressing dominant negative Dynamin, which weakly binds to GTP, 
| Early endosomal function and morphogenesis in zebrafish
In addition to the work from Xenopus, the data from another widely used vertebrate model, zebrafish, suggest that the early endocytic pathway plays an important role during cell migration and gastrulation.
In zebrafish gastrulation, proper formation of the tissue layers requires cell movements of mesodermal and endodermal (mesendodermal) progenitors. During cell migration at these stages, Slb/Wnt11 controls the endocytosis of E-cadherin through the functioning of the Rab5
GTPase. 57 In slb/wnt11 compromised cells, E-cadherin displays an aberrant distribution in which it becomes primarily enriched at the cell surface and relatively few cytoplasmic puncta are found. When slb/ wnt11 function is provided back to mesendodermal cells, E-cadherin distributions at the plasma membrane become more varied and a number of cytoplasmic E-cadherin puncta are observed. Compromising slb/wnt11 function also causes the abnormal migration and aggregation of mesendodermal cells and defects in tissue movement toward the animal pole. To examine this in greater detail, embryos that expressed a constitutively active version of Rab5c were compared to slb/wnt11 expressing embryos and, again, a greater number of E-cadherin positive cytoplasmic puncta were identified. These puncta also possessed Rab5c, and suggested that E-cadherin must be dynamically regulated through endocytic processes for efficient cell migration. Supporting this, the overexpression of Rab5c in slb/wnt11 defective embryos partially rescues the mutant phenotype. These data indicate that Wnt11 functions upstream of Rab5-dependent trafficking pathway to properly balance cell cohesion and migration during zebrafish gastrulation. 57 Trafficking of E-cadherin by Rab GTPases is also critical during the initiation of the gastrulation movements of epiboly and radial cell intercalation. 58 Canonically, Rab GTPases play different roles in regulating endocytic trafficking, with Rab4 involved in rapid recycling to the plasma membrane, Rab5c implicated in early endosomal formation, and Rab11 regulating recycling endosomal trafficking. During epiboly, Rab4, Rab5c and Rab11 were observed to colocalize with endosomal E-cadherin. Interestingly, E-cadherin colocalization with Rab5 or Rab11 was found in puncta that were near the plasma membrane as well as at larger endosomes, suggesting that E-cadherin could be transported via early Rab5c-positive endosomes, and then recycled to the plasma membrane in either a direct Rab11 dependent fashion, or an indirect Rab4 dependent process. Indeed, disrupting Rab5 function through either the injection of Rab5 morpholinos or a Rab5
GTPase-activating protein, RN-tre (Related to the N-terminus of tre oncogene), led to impaired E-cadherin internalization defects in cells undergoing epiboly. These studies additionally suggested that EGFmediated phosphorylation of p120 catenin may trigger endocytosis, possibly through a caveolin system that could bias E-cadherin uptake towards a recycling, rather than degradative, pathway. These findings support a model in which Rab-mediated membrane trafficking pathways regulate morphogenesis and cell migration by controlling cell adhesion through the endocytosis of E-cadherin.
| PCP AND TRAFFICKING PATHWAYS IN DROSOPHILA WING DEVELOPMENT
We now turn our attention to PCP proteins and the establishment of informational asymmetric planar domains that guide hair and bris- In addition to the core PCP proteins, the Ft/Ds/Four-jointed 
| Planar microtubules arrays are required for polarized transport of PCP molecules
During pupal wing development, apical non-centrosomal microtubules are enriched at the level of the adherens junctions and become oriented along the proximal-distal axis of the wing. [67] [68] [69] [70] [71] This is consistent with the generation of a planar polarized cytoskeleton, and suggests that trafficking pathways could utilize this oriented microtubule network ( Figure 2B ). Indeed, Fmi-containing vesicles are observed to be associated with proximal-distal microtubules, and disruption of microtubule networks perturbs Fz and Fmi distribution.
This then results in the mislocalization of F-actin during pre-hair formation. It is interesting to note that E-cadherin appears to be trafficked in different vesicles and did not associate with the proximaldistal microtubule array, suggesting that distinct PCP cargo vesicles are generated and capable of associating with a dedicated microtubule network. Based on this data, it has been proposed that intracellular
Fmi and Fz-containing vesicles are preferentially transported to distal cell interfaces along these polarized microtubule arrays. 70 Additionally, Dsh has also been shown to be transcytosed on these microtubules, at least partially in vesicles distinct from Fz vesicles. 71 Two patterns of Finally, in wings that have been manipulated to express an ectopic Ds gradient, the microtubule network is found to reverse its orientation. 72 This suggests that PCP vesicles traffic along a planar polarized microtubule network which is oriented by global polarity cues to direct initial asymmetries of core PCP proteins.
One complication that arises from this data is that the majority of ure of E-cadherin lysosomal degradation. These changes in E-cadherin levels produce altered cell packing as extra adherens junction proteins recycle back to the cell interface. 85 These results illustrate how both 
| CONCLUSIONS AND FUTURE PERSPECTIVES
Although our understanding of the interplay between membrane trafficking networks and planar polarity systems is just beginning, it is clear that powerful relationships exist between these 2 systems (Table 1) . Further work will be needed to tease apart the relative con- It will also be important to explore these relationships in both vertebrate and invertebrate systems, and to see if certain trafficking regimes dominate depending on the degree to which developing tissues are dedicated to certain outcomes. For example, some tissues may undergo limited cell rearrangements and planar polarity may be largely focused on the creation of planar polarized cell projections such as hairs or cilia. Other tissues may be highly dynamic and require rapid morphogenetic cell-cell rearrangements, which may have profound effects on the trafficking pathways that function in these cells.
Indeed, although the length of this review precluded further discussion, membrane trafficking pathways have further layers of rich interactions in guiding PCP function in vertebrate development.
Membrane trafficking is essential in the generation of planar arrays of cilia that direct cell signaling, convergent extension movements, notochord development, and the generation of left-right asymmetry. [86] [87] [88] For example, the function of a Rab8-dependent exocytic trafficking pathway required for primary ciliogenesis has been particularly well established. [89] [90] [91] Additionally, membrane trafficking pathways can ensure equal partitioning of PCP proteins and aid in the restoration of planar polarities after cells round up and temporarily lose planar polarity during cell division. 92 These are just a few further examples of the intimate connections between trafficking networks and planar polarity. As our cell biological understanding of these processes advances, it will be interesting to compare their final outcomes to those that occur in model systems of planar polarity such as the Drosophila embryo and wing.
